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A spatio-temporal modelling approach for the study of the connectivity and accessibility of the Guangzhou metropolitan network
Introduction
Accessibility is generally described as ''the ease and convenience of access to spatially distributed opportunities with a choice of travel '' (USDE, 1996) . Accessibility has been an essential measure for assessing a network's spatial connectivity and evaluating travel opportunities in transportation network planning (Morris et al., 1979; Pirie, 1981) . Accessibility is a multi-dimensional concept that integrates various network measures such as network connectivity and node accessibility (Garrison and Marble, 1974) . Several methods have been introduced to reveal the connectivity and nodal accessibility of a given transportation network. Hansen (1959) identified accessibility as ''the potential of opportunities for interaction,'' and provide a potential-based model to evaluate accessibility in metropolitan areas. Garrison (1960) introduced several graph theoretic concepts to analyze the topological accessibility of a transportation network using accessibility indices, that is, overall network connectivity measures (i.e., beta index, association number, alpha index, gamma index) and node accessibility indices (i.e., Shimbel index and nodal degree). Transportation research has long applied these network accessibility measures based on graph theory concepts (e.g., Rühl, 1991; Blum et al., 1992; Linneker and Spence, 1992; Bowen, 2000; Li and Shum, 2001; Zhang and Lu, 2006; Jeong et al., 2007; Bharill and Rangaraj, 2008; Kreutzberger, 2008; Wang et al., 2009; Jin et al., 2009; Mavoa et al., 2012; Deng et al., 2012) . The graph-based analysis applied vary, but share the objective of quantitatively studying the spatial distribution of travel opportunities based on travel time (e.g., Lutter et al., 1992; Bruinsma and Rietveld, 1993; Gutiérrez and Urbano, 1996; Deng et al., 2012) , distance (e.g., Keeble et al., 1988; Spence and Linneker, 1994; Jin et al., 2009 ), potential accessibility model (e.g., Hansen, 1959; Geertman et al., 1995) , or even structural-based approaches such as illustrated by spatial syntax studies (e.g., Cheng et al., 2007) to mention a few examples. Similar studies have been also applied to qualify the connectivity of railway networks, and to assess available travel opportunities in a given station's transportation environment at national and regional scales since early 1990s (e.g., Rühl, 1991; Blum et al., 1992; Murayama, 1994; Bharill and Rangaraj, 2008; Jeong et al., 2007; Kreutzberger, 2008; Wang et al., 2009; Marína and García-Ródenas, 2009; Ahlfeldta and Wendlandb, 2011; Deng et al., 2012) .
Indeed, urban transportation networks such as urban rapid transit systems have essential impacts on travel opportunities, and land use change, this having a strong influence on urban spatial structures as well as socio-economic activities (Meyer and Miller, 2001) . Advances in accessibility have improved spatial connectivity within urban areas and stimulated urban growth (Johnson, 1967; Jackson, 1985; Bhatta, 2010) . Conversely, urban transportation accessibility is significantly influenced by, and acts on urban growth over time (Siming and Yiman, 2001) . A variety of factors trigger urban transportation network development and drive changes on the accessibility they provide, including urban growth, land use change and population agglomeration, this being particularly the case for highly-densely developed cities, such as the city of Guangzhou in China. Urban development significantly increases urban mobility demand and transportation opportunities, but also brings novel traffic issues and transportation development pressure (Brueckner, 2000; Cervero, 2003; Allen and Lu, 2003; Millot, 2004; Zhou and Yan, 2005; Bhatta, 2010) . Many urban planning studies have studied the causes and effects of transportation development and urban growth (e.g., Brotchie, 1991; Parker, 1995; Priemus et al., 2001; Gutiérrez, 2001; Sohn, 2006; Fan et al., 2009; Xiang and Chen, 2010; Jiang et al., 2012; Deng et al., 2012) . In particular, several researches have investigated the mutual relationships between transportation system development and urban growth in the city of Guangzhou, thus demonstrating that the transportation system plays a crucial role in the evolution of the urban spatial structure. For instance, Yan and Mao (2004) discussed the relationship between, and respective evolution of the urban transport system and land use in the city of Guangzhou. Mao and Yan (2005) studied the impacts of the urban transport system on the spatial patterns, and conversely, that emerge in the city of Guangzhou. Lin and Lu (2011) showed that major transportation facilities projects implemented since 1949 have brought significant changes in the Guangzhou's urban spatial structure and urban form. However, there is still a lack of studies on the assessment of the transportation network growth and the implications of network connectivity and node accessibility, and their impact on urban development. In order to compare the evolution of the Guangzhou metro network accessibility and connectivity with the expansion of the city, there is still a need to develop a spatio-temporal modelling approach that will measure and qualify these indices and patterns.
In a previous work we introduced a multi-modal approach for the representation of the transportation system of the city of Guangzhou (Chen et al., 2009 (Chen et al., , 2011 . The objective of the present paper is to extent our previous work by a spatio-temporal modelling approach that qualifies the accessibility and connectivity properties of the metro network over time, and the close relationship with urban development. Several graph-based indices and matrix analysis are applied to reveal the emerging structure and accessibility patterns of the Guangzhou metro. Several potential-based scenarios are integrated to evaluate the interactions between the different nodes of the network, this showing different attractiveness properties. Several maps derived from node accessibility measures show and illustrate the different spatio-temporal patterns and evolution of the metro network accessibility. This helps to explore the overall network connectivity and nodal accessibility transformation over time, as well as implications on regional development, and accessibility differences in the metropolitan area of the city of Guangzhou.
Modelling approach
Network connectivity and available travel opportunities are basic measures of ''accessibility''. Over the past years, several methods based on graph theory accessibility models have been developed in the field of transportation research. Several graph theoretic indices evaluate the topological accessibility of a given urban network and node accessibility (similar indices has been proposed to evaluate the structural properties of a given urban network by space syntax studies (e.g. Cheng et al., 2007) ). Several indices have been suggested to quantify the overall network connectivity, including beta index (b), cyclomatic number (l), alpha index (a) and gamma index (c) (e.g., Cheng, 1998; Black, 2003; Wang et al., 2009) , they are defined as follows:
The Beta index (b) gives the average number of edges (e) per node (n) in a given network 
The Cyclomatic number (Associated Number) gives the number of circuits to indicate a sort of gap between e and n while counting for the number of sub networks q (q = 1 for a fully-connected network), i.e., l = e À n + q (0 5 l 5 (n À 1)(n À 2)/2).
The Alpha index (a) is defined as the proportion between the actual and maximal number of circuits in a fully-connecting planar network, it is given as: a = 2l/(n À 1)(n À 2) = (e À n + q)/(2n À 5q) (0 5 a 5 1).
The Gamma index (c) is the ratio between the actual and maximal number of edges: c = 2e/n(n À 1) = e/[3 Â (n À 2)] (0 5 c 5 1).
An immediate property of these indices is that the higher their values, the higher the overall connectivity of the network. However, those indices are essentially structural and cannot reveal the functionality of a given network as it should be denoted by indices that will rather evaluate the performance of the nodes' available travel opportunities regarding the way people displacements can be performed.
In order to assess the nodal accessibility of a metro network, each metro station is abstracted to represent a node of the network. Among the indices used for the measure of nodal accessibility, Shimbel index (or Shimbel distance) has been widely examined to qualify available travel opportunities of a given node, which is a measure of a node's accessibility representing the sum of the length of all shortest paths connecting all other nodes in the graph (Black, 2003) . Shimbel index can be calculated based on a distance matrix which is given by:
where d ij indicates the distance of shortest path between node i and j. Therefore, Shimbel distance is the sum of the ith row in matrix D, i.e., the minimum amount of distances of all shortest paths from node i to all other nodes:
Nevertheless, a shortest path (composed of a set of consecutive links involving different nodes) may not be the best choice for passengers, if they are required to take time to change routes. The yearbook of Guangzhou transportation development in 2012 reported more than 80% of passengers were most concerned with the time cost in a trip using metro mode (GITP, 2012) . We then consider travel time as the constraint to assess nodal accessibility. To achieve this target, a time matrix T is built:
where each element t ij (in the ith row and jth column) denotes the shortest travel time between an origin node i and a destination node j. Accordingly, the shortest time (t ij ) between node i and j that can be reached is derived from the time table of 2012 issued by the Guangzhou Metro Corporation (GMC). As the metro network is a fully-connected graph, t ij is given as finite as there is a direct or by transfer route between any node i and j. As a result, the minimum amount of travel time from node i to all other nodes (i.e., the nodal degree at node i) is the sum of the ith row in the matrix T, and then given by:
where for small T i values, it is relatively convenient for a passenger is to reach destinations started from node i to all the other nodes. Moreover, the minimum travel time regarding all possible origindestination transfers in the network is given by the sum of nodal degrees at all nodes, and thus described as:
Based on T i and S, the nodal time-based accessibility coefficient at a given node i is given by the ratio of T i on that node i to the average of nodal degrees in the network, and it is given by:
A lower value of A ti means a better nodal accessibility at the node i. If A ti > 1, the nodal time-based accessibility coefficient at that node i is below the network average (conversely, the coefficient (A ti < 1) is above network average). Small A ti reflect good time-based accessibilities. As for transfer indices, the index A ti tends to favor nodes near the center of the network (but in a less significant way). A potential-based measure model of spatial accessibility was first introduced by Hansen (1959) . This model is derived from social physics, and assumes some analogies between physical (e.g. Newton's Law of Gravitation) and social phenomena (Salze et al., 2011) . For example, Stewart (1941) revealed the influence of the population between two spaces was inversely proportional to the distance between them, and thus proposed an inverse distance weighting function. Since then, distance weighting functions have been developed for spatial interaction and potential-based modelling. Generally, a potential accessibility model is given by:
where P i denotes the potential accessibility index at node i; M j is an opportunity (i.e., the weight in the network) at node j; C ij is the distance (or time) between node i and j; C Àalpha ij (the inverse power) can refer to ''frictional effect of space'' (where a is the frictional index and its value is usually assigned as 1), and can be seen as people's willingness to travel according to trip purpose or destination attractiveness. This implies that the easy and convenience to reach the destination node j from a given node i is not only obstructed by the negative impact of the spatial constraints (e.g., distance or travel time) between two nodes, but also improved by the positive impact of the opportunities at the destination node. The latter significantly shows the characteristics of gravity in the spatial interaction between two nodes. This means that a potential-based measure model is able to overcome the limitations of the most frequently used indices such as the distance or time of shortest path and the count of opportunities within a given neighborhood (Salze et al., 2011) . Currently, potential models have been widely applied to the evaluation of spatial accessibility to the distribution of business service facilities. Such approaches can be used to qualify the spatial interaction between metro stations and the nodal potential accessibility simulated by their attractiveness (i.e., opportunities). The expanding metro network provides rapid and wide-reaching connections accelerating resident trip. In order to understand the basic patterns that emerge from the network, and the socio-economic and travel implications in the areas around the station, information on passenger flows in a given period is required. Therefore, the passenger flow volume per day at a metro station is weighted in the metro network, to evaluate the interaction and nodal potential accessibility by a potential model, which is given as (in fact the passenger flow at a given node for a given interval of time gives a sort of evaluation of the attractiveness of this node in the network):
where A pi is the extended potential accessibility index at a given node, and the higher value of A pi means a better potential nodal accessibility at node i; t ij denotes the shortest travel time between node i and j; m denotes the number of nodes considered in the network, V j is an attractiveness/opportunities qualitative (i.e., weight) of destination node j, and given by:
where G k is the passenger flow per day at a station metro (data for passenger flows is collected from the yearbook issued by the Guangzhou Metro Company (GMC, 2012)).
Guangzhou's metro network expansion

Study area
The large administrative area of the city of Guangzhou comprises ten urban districts (i.e., Tianhe, Baiyun, Huanpu, Haizhu, Liwan, Yuexiu, Huadu, Luogang, Panyu and Nansha) and two suburban counties (i.e., Conghua and Zengcheng), with a total area of 7434 square kilometers (Statistics Bureau of Guangzhou, 2012) . Amongst these districts, Liwan, Haizhu and Yuexiu are the historically downtown centers of the city with high population density (exceeds 12 thousand persons per square km), where the municipal and provincial governments and many academic institutions are located. Tianhe is the new downtown centre, and has attracted a lot of mobility and commerce activities. The historical and new downtown centers form the ''core'' of the city. Other districts, such as Huanpu, Bainyun, Panyu and Luogang, surround the core of the city.
Since the late 1970s, the city of Guangzhou has maintained a rapid economic development. This provides opportunities to develop its urban transportation systems, involving roads network, bus network and metro network, for facilitating passenger transportation over the city. Presently, the metro network in the city of Guangzhou has extended from the core area to some districts around the core, including Baiyun, Panyu and Huanpu. Our research selects the core of the city and the districts around the core as the study area (Fig. 1) .
Metro network expansion
The metro network in Guangzhou has been progressively constructed since 1993. Nowadays, it has 8 lines with a total length of 232 km. During its development, the years of 1999, 2002, 2005, 2009 and 2011 are the significant temporal points. At each timestamp, new lines were established to reshape the spatial structure of the metro network. Taking into account the influence on the network spatial expansion and structure at each temporal point, the Guangzhou's metro network development may be taken apart into three stages, i.e., preliminary construction (1999-2002), networking (2005-2009) , and network intensification (2011).
Preliminary construction (1999-2002)
With the reform and opening in China since 1979, the society and economy stepped into the recovery period. This leads to a consecutive and rapid urban development in the cities of China. In 1993, the city of Guangzhou started to build its first metro line (named as Line 1), and thus opened in 1999. In 2002, another line (i.e., Line 2) was also in operation. In this stage, Line 1 and Line 2 went through the ''core'' area of the city of Guangzhou (Fig. 2) , and shaped a ''+'' frame with the transfer station of ''Gongyuan Qian''.
Networking (2005-2009)
In 2005, the development of Guangzhou's metro network stepped into the networking stage. Three new metro lines were constructed and in operation, i.e., Line 3, Line 4 and Line 5, during [2005] [2006] [2007] [2008] [2009] . These lines and Line 1 and Line 2 constituted the skeleton of the metro network (Fig. 3) . The spatial distribution of the network expands outside the core area of the city of Guangzhou, and tended to south and west districts, which are Panyu and Huangpu districts, respectively.
Network intensification (2011)
After the accomplishment of the metro lines networking, Guangzhou focused on the network intensification and the optimization of the lines organization. In 2011, the branch of Line 3 running from Linhe Xi to Airport South was opened. Meanwhile, the intercity metro line (i.e., Line GF) to connect the cities of Guangzhou and Foshan was constructed and in operation. Moreover, an underground line based on Automated People Mover (APM) system (i.e., Line APM) was established to serve the central business district of Tianhe District, and connected to Line 3 with the station of Linhe xi and Chigang Pagoda, respectively.
Importantly, three segments, first one running from Changgang to Guangzhou South Railway Station, second one from Sanyuan Li to Jiahe Wanggang, and last one from Changgan to Fenghuang Xincun, were constructed and opening in this stage. In order to improve the service efficiency and capabilities of the overall network, the segments and stations of Line 2 were reorganized. The previous Line 2 was divided into two parts at the station of Xiaogan. One part (Sanyuan Li-Jiannan Xi) connected the segments of Changgan -Guangzhou South Railway Station and Sanyuan Li-Jiahe Wanggang to organize the new Line 2, and joints the branch of Line 3 at the station of Jiaohe Wanggang. The other part (XiaogangWansheng Wei) connected to the segment running from Changgan to Fenghuang Xincun for composing Line 8. The transfer station of new Line 2 and Line 8 is the station of Changgan. As shown in Fig. 4 , at this stage the metro network was significantly intensified in the core area of the city, and extended to the district of Baiyun. Table 1 gives an overall view of the spatial extension of the metro network in the city of Guangzhou at the temporal points of 1999, 2002, 2005, 2009 and 2011 . This shows that the speed of network extension was constantly accelerating. Particularly in 2011, three new lines were established and opened. This simulated a sharp rising of more than 50% of the number of stations and the route length of the network. This should have a large influence on the spatial connectivity of the overall network, and can be reflected by the change of the network's topological properties. Table 2 shows the topological properties of the overall metro network at different temporal points by the four indices previously introduced, i.e., beta index (b), cyclomatic number (l), alpha index (a) and gamma index (c)). The figures that emerge show that the connectivity of the overall metro network in the city of Guangzhou reveals a tree network structure, and its quality was at a lower level in the stage of preliminary construction (1999) (2000) (2001) (2002) , as b 6 1 and l = 0. In the stage of networking (2005) (2006) (2007) (2008) (2009) , with the opening of the branch of Line 3, the network appears as a cyclomatic network due to b = 1 and l = 1. And then, the number of circuits (i.e., l) reaches the value of 6 in the stage of network intensification (2011). This reveals that the spatial structure of the network has been relatively optimized, and the connectivity had been improving accompanied by the growth of the metro network. However, it appears that the values of a (60.03) and c (60.55) are relatively lower during the network expansion from 1999 to 2011. This indicates both of the actual numbers of circuits and edges are very small in the current network. This emphasizes a need to augment the reliability ofl inkage between nodes for increasing the number of circuits in the network, and thus improve the connectivity quality of the overall network which is still at a relative lower level.
Spatiotemporal evolution of accessibility
Evaluation of overall network connectivity
Evaluation of nodal accessibility
The evaluation of the overall metro network connectivity shows several trends regarding the growth of the network in three stages.
However, the change of the overall network topological properties cannot characterize the opportunities at a node. To complete the study, a matrix analysis-and potential model-based nodal accessibility measures are applied to analyze the opportunities at a given node (metro station), and to assess its accessibility in the Guangzhou's metro network.
Evaluation and spatio-temporal evolution of nodal accessibility based on matrix
A travel time matrix T is derived to measure the temporal impedance between nodes (metro stations) in the Guangzhou's metro network. On the basis of this matrix T, the accessibility coefficient (A ti ) at every metro station is calculated to reflect its travel available opportunities relative to the others stations. As mentioned above, if A ti 6 1.0, a node's accessibility is above the network average. Fig. 5 illustrates the increasing trends of the number of stations with A ti 6 1.0 and A ti > 1.0 in three development stages (i.e., preliminary construction, networking and network intensification). The finding reflects that the nodal accessibility is gradually improved with the network growth, as the number of stations with A ti 6 1.0 has a more sharper increase trend than the number of stations with A ti > 1.0.
To explore the spatial pattern and temporal evolution of the metro network accessibility in the city of Guangzhou, contours maps are generated based on time-based accessibility coefficients (A ti ) at all stations in the network. Fig. 6 illustrates the spatial pattern of the Guangzhou's metro network that emerges in the stages of preliminary construction, networking and network intensification, respectively. The results that emerge show the following patterns:
The area coverage of the metro network consistently expands over time. As shown by the contour maps in the three stages of the network development, the metro network stretched around Yuexiu district. Also, the contours became smoother gradually, and thus formed a more compact network. The stations with A ti 6 1 are intensively located in the core area of the city over the time. From a spatio-temporal perspective, the areas with A ti 6 1 increasingly expanded from Yuexiu district to other districts in the core area. In the stage of preliminary construction, only Yuexiu and parts of Liwan and Haizhu, were covered by the contours of A ti 6 1. In the stage of networking, Panyu and parts of Tianhe joined the list and in the stage of network intensification, parts of Baiyun also joined. Importantly, the A ti of the easiest accessible node declines slightly over the time. This implies that the ''aggregation'' of the metro network is increasing. As shown by the contours maps, the spatial pattern reflected by time-based accessibility gradually evolved into a concentric circle spatial structure, but the spatial distributions of the contours were not even in different development stages. From a spatial perspective, in the stage of preliminary construction, the spatial Table 2 Evaluation of the metro network growth. distribution of the contours with A ti 6 1.0 was few and scattered. This reveals that the accessibility in these areas covered by the contours with A ti 6 1.0 has a tendency toward gradual variation ( Fig. 6(a) ). To the contrary, in the areas where the distribution of the contours with A ti > 1.0 were crowded together, this implies that the accessibility has a clear trend toward sharp decline with the augment of A ti . This demonstrates the influence and characteristics of the ''+'' frame of network spatial construct on accessibility in the stage of preliminary construction. With the expansion of metro network, in the stages of networking and network intensification, the tendency toward gradual variation extended to the south areas, particularly to Panyu district, as in these two stages there were three lines expanded from the core area of city into the district of Panyu (Fig. 6(b and c) ). All of these stress the uneven spatial development of the metro network in the city of Guangzhou over the time, and explore the cause and effect on the differences of urban regional accessibility.
Index
In the stage of preliminary, Gongyuan Qian was the transfer station of Line 1 and Line 2, and was the geometric center of the metro network. But with the extension of the network, the geometric center moved clearly towards Tiyu Xi, which had the best (lowest) accessibility coefficient (A ti 6 0.6) in the stages of networking and network intensification (Fig. 6(b and c) ). Tiyu Xi is the transfer station of Line 1 and Line 3 and located in the district of Tianhe where the speed of urban construction and population increase has been booming in the city of Guangzhou since 2000. Therefore, more and more mobility and commerce activities were attracted in Tianhe district over the years. Currently, the economic and commercial center in the city of Guangzhou has moved from Yuexiu district to Tianhe district. Moreover, the movement of geometric center of the metro network coincides with the trend of the urban development. All of these also indicate the interaction between metro network growth and urban development. According to the accessibility variation in space which is reflected by the spatial distribution of contours, the accessibility for the areas along Line 3 and Line 4 in Panyu district were not improved remarkably in the stage of networking (Fig. 6(b) ), and the same happened when new Line 2 was in operation in the stage of network intensification (Fig. 6(c) ). But in the stage of network intensification, areas with sharp improvement in accessibility shifted gradually from the core of the city to the south of Baiyun district where the branch of Line 3 and new Line 2 (two lines are interconnected by the station of Jiahe Wanggang) were in operation (Fig. 6(c) ). This shows the roles of transfer station in the difference between regional accessibility evolutions, as the lines in Panyu district were not interconnected with each other.
A specific case is selected to demonstrate the impacts of a transfer station on the nearby stations' accessibility. Fig. 7 illustrates the locations of all transfer stations in the city of Guangzhou in the stage of network intensification. Regarding the matrix T (T = [t ij ] nÂn ), while the origin (node i) is identified as a given station, the elements in the ith row, i.e., t ij (j = 1,2,. . . , n) denotes the actual travel time between the given origin station and all destination stations. As the transfer station of Tiyue Xi has been the geometric centre (with the best accessibility coefficient) at this stage, it is identified as the original node to obtain the values of t ij at all other stations, and then contours are generated (Fig. 7) . The results found that the contours expanded outward from the geometric center (i.e., Tiyue Xi) in the network, and the contours with t ij 6 30 min covered all transfer stations. Particularly, the contours were clearly convex when they are near transfer stations. This demonstrates the accessibility of a transfer station has a larger amount of radiant energy to extend widely in space.
Evaluation of nodal potential accessibility based on potential model
In order to examine the nodal spatial interaction and attractiveness with other nodes, the potential-based model, as introduced above, has been applied based on the measure of passenger flow volumes available in 2011. It is noteworthy to remark that the geometric center of the network, which has the best potential accessibility, is the station of Sun Yat-sen Memorial Hall (Fig. 8) . This station is not a transfer station, but actually shows the great attractiveness to all other stations depending on its central location in the network, and particularly the high density of population and infrastructure facilities distribution in the areas around the station. Nevertheless, Fig. 8 illustrates that most of stations with secondbest nodal potential accessibility are located in the areas around Tiyue Xi, where has a perfect spatial structure of the network, i.e., there were four lines, including Line 1, Line 5, Line 3 and Line APM, joints with each other. Importantly, the areas are the highest developed regions in the city of Guangzhou.
Furthermore, a contour map in the context of nodal potential accessibility has been drawn in Fig. 9 . It shows that there are two peaks, i.e., centers in the spatial pattern of nodal potential accessibility. Also, the nodal potential accessibility extends outwards and gradually decays with the increasing of distance with the centers. This indicates that the inverse temporal weighting characteristics in the nodal potential accessibility spatial variation.
Generally, the potential accessibility at a metro station is not only correlated with the spatiotemporal properties between stations, but also catalyzed by the level of urban development in the areas around the station. In the report of Guangzhou transportation development yearbook in 2012 issued by the Guangzhou Institute of Transportation Planning (GITP, 2012) , the study area is districted into three level urban development zones (high level zone, secondary level zone and low level zone) according to the spatial distributions of transportation infrastructure facilities density, population and traffic flows. This reveals that the spatial trend of the nodal potential accessibility variation clearly matches the distribution pattern of three level zones. Also, the stations with the best, second-best and secondary levels of nodal potential accessibility are located in the high level zone (Fig. 10) .
Relations with urban development
During the development of the metro network, the city of Guangzhou witnessed a dramatic spatial expansion of the urban built-up area, and augment of the population. As shown in Fig. 11 , the urban built-up area and population increased rapidly with a 10% annual growth rate over the time. Fig. 12 shows the expansion of the mixed-use residential and commercial areas in the three stages of metro network development. The process of the urban built-up area expansion and population increase in Guangzhou demonstrates the core of the city is surrounded by the mixed-use residential and commercial areas rapidly expanding outward from the core. Meanwhile, the trend of metro network extension is illustrated to clearly match the residential and commercial areas expansions over the time.
Indeed, the accessibility provided by the metro network has led to a significant influence on the increase and distribution of the population in the city of Guangzhou over the time. Fig. 13 shows the spatial evolution of the population density, as well as the contours of time-based nodal accessibility in the three stages of metro network development in a composite perspective. The results reveal that the areas with higher population density (above 8000 persons per square kilometer) are intensively distributed in the core of the city, especially in the district of Yuexiu and the areas outward. From 2002 to 2011, a significant increasing of the population density occurred in the area around the metro station of Tiyue Xi, which is located in Tianhe district (Statistics Bureau of Guangzhou, 2012). As mentioned above, the station of Tiyue Xi has been the geometric center of the network with the best (lowest) accessibility coefficient (A ti = 0.59) since 2009. Fig. 13 also demonstrates this geometric center is surrounded by the areas with relatively high-density population, as well as the areas with progressively lower-density population spreading outward from the center. This shows that the nodal time-based accessibility development can catalyze the population distribution and density change in the area around a metro station. Furthermore, Fig. 13 shows the change of the contour with A ti = 1.0 coincides with the expansion of the distribution of high-density population. All of these reflect the characteristics of transit-oriented development (TOD) in the city of Guangzhou. A TOD neighborhood typically has a center with a transit station or stop (train station, metro station, tram stop, or bus stop), and residential and commercial area is designed to maximize access to public transport, and often incorporates features to encourage transit ridership. Indeed, the improvement of accessibility coefficient at a metro station is one of the underlying factors of population distribution and density change. The dramatic expansions of the urban mixed-use residential and commercial areas in the city of Guangzhou should lengthen the residents' travel distance. According to the report from the Guangzhou Institute of Transportation Planning (GITP) in 2012, the average travel distance increased from 2.5 km per person to 10.2 km per person in the core of the city during 1984-2011. However, the development of metro network system favors the decline of average travel time from 38 min per person to 25 min in the same period (GITP, 2012).
Conclusion
The development of urban transportation systems in large Chinese cities is at a critical stage with the booming of the economy and impressive increase of the population and traffic demand. The objectives of the research presented in this paper are to develop a spatio-temporal modelling approach that qualifies the growth and accessibility of a rapid rail transit network system, and to study the relationship between the evolution of network connectivity and accessibility with urban development.
As experimented in the city of Guangzhou, the research presented in this paper applies four indices of network topological structure, i.e., beta index (b), cyclomatic number (l), alpha index (a) and gamma index (c) to measure the connectivity of the overall metro network. The results reveal that the spatial connectivity of the overall network is at a relative low level, this stressing the need for an augmentation of the reliability of the connections between the nodes of the network, as well as the number of circuits in the network. A matrix based on travel time evaluates the node accessibility and examines the spatiotemporal evolution of the city of Guangzhou. Spatial interaction between nodes, as well as nodes accessibility, which are derived from nodes attractiveness values and travel time cost between nodes, are analyzed by a potentialbased model. The result demonstrates some dramatic changes of the metro network accessibility values, as well as regional differences. In particular, the network expansion shows that the core of the city is surrounded by areas with highest accessibility gradually expanding outward from the core, and the locations of transfer stations play have significant influences on the network timebased accessibility. Taking into account the respective influence of temporal constraints and node weights (measured by the passenger flow volume in a given period), the potential-based node accessibility variation shows the evolution of the spatial patterns that emerge, and emphasizes the matching with the different levels of regional development, as well as regional accessibility differences within the metropolitan area of the city of Guangzhou.
The close relationship between metro structural properties and urban development is characterized. The results found that the metro network spatio-temporal expansion and accessibility evolution coincided with urban growth, including residential and commercial land-use expansion, and with the evolution of the population distribution. Meanwhile, that urban growth stimulates changes on urban traffic demand and on the environment. This should stimulate and reshape the spatial patterns and structure of the whole urban transportation network. Overall, a better understanding of the metro network accessibility should favor a better understanding of the relationship between metro development and urban growth.
Although potential-based accessibility measures, as well as the time-based matrix analysis developed provide significant information on the transportation network properties and development, urban transportation accessibility should be extended towards a more holistic approach of transportation accessibility, by an integration of multi-modal transportation facilities, as well as additional statistical analysis on socio-economical patterns. This is the direction we plan to consider in further work. 
